Abstract: Earlier, substantial increases in the intramural sympathetic innervation density of rat hind-limb blood vessels were found after 2 weeks of experimental orthostasis with tubular 45° headup tilt cages. In the present study, we presumed that chronic head-down tilting induces opposite changes in the innervation density. Tilted rats were kept 45° head-down in long tubular cages for either 2 or 4 weeks (HDT2, HDT4), and the control animals were maintained in horizontal tilt cages for the same period (HOR2, HOR4). Segments of the saphenous and brachial veins and arteries were used for quantitative electron microscopic examinations. Intramural innervation density was defined by nerve terminal density (NTD) and synaptic microvesicle count (SVC) within the vascular Our previous work, applying a novel chronic 45°
Our previous work, applying a novel chronic 45°
head-up tilt model of orthostasis [1, 2] , revealed several long-term vascular mechanisms supporting orthostatic tolerance in the hind limbs [3] . These mechanisms include an enhancement of the acute-pressure-induced myogenic response of saphenous vein with increases in smooth muscle cell count and in passive vessel diameter without much change in the wall thickness [1, [4] [5] [6] . Chronic head-up tilt also influences the microcirculatory network properties. A significant rarefaction of microvessels was found in the hind-limb oxidative skeletal muscles of rat after two weeks of orthostasis [7] . Branching angles decreased, and vessel diameters increased in the superficial venous system of the saphenous region of rats in response to long-term orthostasis [8] . The amount of electron-dense vesicles of ap-adventitia. Neither HDT2 nor HDT4 resulted in a decrease of NTD or SVC of the saphenous and brachial veins or arteries; instead, a tendency to increase was observed in some cases. Thus, in contrast to the large increases we found earlier in hind-limb vascular innervation density after 2 weeks of head-up tilting, head-down tilting of the same duration-or even twice as long-did not decrease the adventitial innervation density in our model. We assume that the quasi-free locomotor exercise the tilted animals in the long tubular cages were allowed may counteract a possible suppressive effect of chronic head-down tilt on hind-limb vascular innervation density. [The Japanese Journal of Physiology 55: [127] [128] [129] [130] [131] [132] [133] [134] 2005] Key words: brachial vein, head-down tilt, saphenous artery, saphenous vein, vascular innervation.
proximately 0.1-0.2 µm diameter (which we identified in the endothelium cells of rat saphenous vein) greatly decreased during two weeks of orthostatic body position [9, 10] .
After 2 weeks of 45° head-tilting, among the most interesting observations we made in this model of orthostasis was a surprisingly large increase (nearly double) in the adventitial (intramural) sympathetic innervation density of hind-limb blood vessels, especially the veins [2] . This increase included both the density of nerve terminals (NTD) and the number of synaptic microvesicles in the terminals (SVC). The question arose whether long-term head-down tilt-which represents a model of inverse orthostasis-would result in opposite changes. Except for Zhang and his colleagues, no one has published information closely related to this topic. Indeed, Zhang and his group found a decrease of periarterial innervation density in rat saphenous artery after a 4-week head-down tilt by using a model of hindlimb unloading with tail traction [11, 12] . However, no information was provided in their articles about the innervation of extremity veins or about the intramural nerve density of any extremity vessels. Furthermore, their experimental animals were highly restricted in locomotion in regard to the tail suspension model.
It is reasonable to assume that changes occur after a long-term head-down tilt-which is also regarded as a ground base model of microgravity [13] [14] [15] -that are opposite to those following the head-up tilt. Taking into account the frequent occurrences of orthostatic intolerance after long-term bed rest or space flight [16, 17] , we find that the need for a validation of this hypothesis seems to be well justified. Thus the aim of this work was to study quantitatively the adventitial innervation density of hind-limb and forelimb veins and arteries of adult rats after 2-and 4-week 45° head-down body positions. We hypothesize that changes might develop in NTD and SVC that are opposite of those we found previously after 2 weeks of 45° head-up tilting [2] . Part of the preliminary results was published as congressional proceedings [18, 19] .
MATERIALS AND METHODS
Experimental animals and chronic tilt. Adult male Sprague-Dawley rats of 300-400 g each were placed individually in specially designed, 65 cm long transparent tubelike tiltable cages (Fig. 1) , described earlier. We used the same techniques in the present study as we did in the previous head-up tilt experiments [1, 2] .
The tilted rats were set head-down at 45° to simulate inverse orthostasis. In this tilt position, the animals were maintained either for 2 weeks (n = 6) or 4 weeks (n = 6) in two series of experiments (HDT2 and HDT4, respectively). The rats housed horizontally in similar cages for 2 weeks (HOR2; n = 6) and for 4 weeks (HOR4; n = 6) served as parallel controls for the respective duration of HDT. Every caged animal could walk along the longitudinal axis of its body, but was unable to turn back. The animals had free access to conventional rat chow (SSNIFF R/MZ-H, Toxicoop, Budapest, Hungary) and fresh tap water at the lower terminals of the cages. For the rats to maintain normal physiological conditions, they were provided a one-hour period every day to allow free grooming in traditional cages from 9 to 10 a.m. During this period, daily food and water consumption and body weight were determined.
Studies were carried out under the guidelines of Hungarian law on animal protection (243/1998) and approved by the Semmelweis University Committee on the Ethical Use of Experimental Animals (590/99 Rh).
Electron microscopic analysis. Following the 2-or 4-week tilting periods, the rats were anesthetized by pentobarbital-sodium (Nembutal, 6 mg/100 g). The vasculature was perfused via the aorta at 100 cm H 2 O pressure first by a physiological salt solution (KrebsRinger, 37°C), then by a fixative solution containing 3% paraformaldehyde, 0.1% glutaraldehyde, and 0.2 M phosphate buffer (pH 7.4). After this procedure, the arteries and veins of the saphenous, brachial regions (SA, SV, BA, BV) were carefully prepared, transsected, and postfixed in the same fixative solution for 1 night and with 1% OsO 4 for 1 h before they were embedded in Araldite. Ultrathin sections were cut and stained with lead-citrate and uranil-acetate for electron microscopic analysis. Serial micrographs were taken with an electron microscope (model 100, Jeol, Tokyo, Japan).
Determination of innervation density. A determination of intramural adventitial nerve terminal density and a synaptic vesicular count of the nerve terminals were done as described previously [2] . In brief, NTD was quantified by counting the number of nerve terminals within the adventitia in each vascular section on the screen of the electron microscope. The examined adventitial areas were measured by planimetry, and NTD was calculated as the number of nerve terminals per 100 µm 2 adventitial area. The area scanned in this way ranged from 1,500 to 7,100 µm 2 in each vessel Statistical analysis. The results are given as means ± SEM. A single-factor ANOVA and a one-way analysis of the variance and pairwise multiple comparison procedure (Student-Newman-Keul method) were used for the final statistical evaluation of the experimental data. p < 0.05 proves statistical significance.
RESULTS

Innervation density
Contrary to our assumptions, neither NTD nor SVC was decreased in any vessel type. Two weeks of headdown tilt had no statistically significant effect on either parameter of the innervation density in any vessel.
Some statistically insignificant tendencies to increase the NTD of both the saphenous and the brachial vein were observed in HDT2 rats: these values were above that of HOR2 by 20% (p = 0.083) and by 17% (p = 0.305), respectively. The NTD of the HDT4 saphenous vein was 35% above 3.4 ± 0.5 of HOR4 (p = 0.112). The NTD of the HDT4 brachial vein also showed a tendency to increase: 32% above 2.8 ± 0.5 of HOR4 (p = 0.085) (Fig. 3) .
The NTD of the parallel control animals showed similar average values; no differences were found between the HOR2 and HOR4 experimental groups at any of the extremity vessels studied. The same applies to SVC (Fig. 3) . The individual innervation density data of the animals are presented in Table 1 .
Food and water consumption; body weight
In both HDT2 and HDT4 animal groups, the average daily food intake was slightly decreased relative to the respective HOR2 and HOR4 parallel controls. However, after an initial decrease of 15-38% during the first 3 days of tilting, the level of food consumption was well maintained relative to the pretilt control values in both the HDT2 (28.1 ± 2.6 g/day) and HDT4 (28.5 ± 1 g/ day) groups. The animals placed in horizontal positions exhibited no decrease in food intake. Water consumption was also well maintained in all groups throughout the experiments. The tilting resulted in only an initial reduction of water intake; the average values of the initial transient decrease in water intake relative to pretilt control (40.4 ± 5.5 and 39.4 ± 2 ml/day) were 15% and 34% in HDT2 and HDT4 groups, respectively.
The average weekly body weights are summarized in Fig. 4 .
In the first few days of the 2-week and 4-week headdown tilt periods, the HDT2 and HDT4 rats showed a body mass reduction of 10 and 6%, respectively. This loss tended to be restored by the end of the tilt periods by continuous body mass gain approaching that of the horizontal control groups; however, absolute body weight values remained slightly below the initial values in the HDT2 and HDT4 animals. 
DISCUSSION
The major original observation in this study was that neither 2 nor even 4 weeks of experimental 45° headdown body position in a long tubular cage, which provided relatively free locomotion for the animals, caused any decrease in the intramural adventitial innervation density of rat hind-limb veins and arteries. On the contrary, a tendency to increase was observed in some cases. Furthermore, it was demonstrated in this rat model of long-term inverse orthostasis that feeding activity and body weights of the animals were maintained in a normal range throughout the observation periods.
Lack of decrease in innervation density of hind-limb blood vessels during long-term inverse orthostasis. The reason we expected a decrease in the intramural innervation density of extremity vessels in this study was, on one hand, that Zhang and his colleagues [11, 12, 14, 15] reported reversible perivascular hypoinnervation of the hind-limb arteries of rats following a 4-week period of head-down tilting performed with tail traction and hind-limb unloading. On the other hand, in conformity with these observations we found significant increases in the density of intramural nerve terminals and in the synaptic microvesicle count of the saphenous vein and artery in an earlier study by using a 45° head-up rat model of longterm orthostasis [2] .
There are several ways to approach the possible causes of dissimilar observations made in our studies and in those of Zhang and his co-workers [11, 12, 14, 15] . An important difference is that Zhang studied the perivascular nerve supply of extremity arteries by using semiquantitative relative values to characterize the changes in innervation density. We investigated the intramural adventitial nerve terminal density of the extremity veins and the arteries by applying quantitative electron microscopy. One can suppose that the innervation density around and within the vessel wall may change independently or with a substantial time delay.
In our previous orthostasis study, a 2-week head-up tilt period was long enough to nearly double the innervation density of adventitia in both the hind-limb veins and the arteries [2] . In the present inverse orthostasis experiments, a 4-week head-down tilt period, the same duration applied by Zhang [12, 15] provided results similar to the 2 weeks of HDT. Thus the probability that an inverse orthostasis study of longer than 4 weeks would elicit a diminution of adventitial innervation density of hind-limb vessels seems to be negligible.
Most probably the explanation can be found in the differences of the experimental models. The head-down tilting with tail traction, which was applied by Zhang [12, 14, 15] , is accepted as a ground base experimental model of microgravity [13] . This model could be regarded as a "passive" model because the locomotion of the animal is greatly restricted by tail traction and the hind limbs are unloaded. In our tilt model, a quasi-free "active" locomotion is allowed. The animals can walk 65 cm in the tubular cage in the direction of the longitudinal axis of their body and to back up the same distance, but they cannot turn around and walk head first in the opposite direction. Using a passive marker-based infrared motion analyzing system [20, 21] , we monitored a large amount of locomotion of the HDT animals (Monos et al., unpublished) . There are evidences in the literature that physical exercise may be among the successful countermeasures that provide protection against orthostatic intolerance, which frequently develops after long-term exposure to microgravity [16, 17, 22] . Thus we have good reasons to assume that the quasi-free locomotion of rats maintained head-down in the long tubular tilt cages counteract the expected decreases of vascular innervation density in the hind limbs. Such depression of innervation with decreasing vascular tone may contribute to the orthostatic collapse often seen in humans after a long-term space flight or after chronic bed rest [14, [15] [16] [17] . The physical movements may also counteract with muscle atrophy. For example, the loss of a cross-sectional area of quadriceps muscle (determined by MRI) was reduced to 5%, from 10%, during 20 days of head-down bed rest when human subjects performed unilateral isokinetic knee exercises daily [23] .
Head-down tilting might have differential effects on saphenous and brachial vessels; however, neither saphenous nor brachial vessels exhibited any significant change in innervation density following HDT. The brachial vessels seem not to be as reactive as the saphenous ones; no evidence was found for the participation of Ca 2+ -activated and voltage-sensitive K + channels in the regulation of the vascular tone of the human brachiocephalic vein, and this vein exhibited no significant myogenic tone [24] . In contrast to saphenous vessels, the effect of posture is not substantial on brachial ones. No significant change in human brachial artery blood pressure occurred from upright sitting to full head-down suspension with the arms alongside the body [25] . The head-down body position induced no substantial change in the blood pressure of the rat brachial vein measured by direct canulation (Nádasy et al.,
In all groups, the animals were allowed 1 h of free movement and grooming at the same time (9-10 a.m.) each day in a traditional cage. This provided "medical benefits" for the animals because without regular daily grooming their health could not be maintained for long. The grooming period was also used to measure food and water consumption and body weight. This daily free exercise might have influenced the vascular innervation density by augmenting the countermeasure effect of movement in the tilt cage. Sun et al. [26] found that the depression in the vasoconstrictor responsiveness of rat femoral arterial rings induced by 4 weeks of tail suspension was prevented either by daily HUT for 4 h or by being horizontal for 1 h. In our previous head-up tilt experiments, the same 1 h grooming period was provided for the animals, and significant differences have been observed in the same parameters between control and tilted animals [2] . Contrary to tail suspension, however, the animals in our experiments were freely moving in the tilt cages throughout the whole tilting period [20, 21] , and we do not believe that the additional movement during the daily grooming period could substantially influence the observed innervation densities.
The well-maintained innervation density we found after long-term head-down tilting might correlate with an increased muscle blood flow, observed by Somody et al. [27] in head-down suspended rats. In their model, the animals were tail-suspended with a head-down angle position of 30-35° and were able to move about the cage with their forelimbs in a 360° arch. Hind-limb and forelimb muscle blood flows were elevated by more than 80 and 215%, respectively, following the 2-week suspension period. Increased muscle activity (and an increased load) might explain the higher blood flows [27] . It is worth mentioning that α-adrenergic vascular responsiveness to calf sympathetic nerve activity was found intact after 2 weeks of head-down bed rest in humans [28] .
A vast array of peripheral receptors provide the central nervous system with sensory signals that coordinate autonomic motor outflow to cardiovascular organs, such as the heart and peripheral vasculature, during locomotion [29] . Microgravity leads to substantial and progressive development of baroreflex attenuation that is independent of hypovolemia. A single bout of maximal exercise increased the responsiveness of the arterial baroreflexes after acute exposure to microgravity. Therefore the development of effective exercise and nutrition countermeasures designed to maintain baroreflex functions could prove instrumental in ameliorating the deleterious effects of microgravity on cardio-vascular mechanisms [30] . Although the baroreflexes and the vestibulosympathetic reflex do not appear to interact centrally to modify sympathetic outflow during an orthostatic challenge, they complement each other [31, 32] . The vestibular system may also influence the innervation of extremity blood vessels as part of an adaptation process to changes in posture. Activating the vestibulosymphatetic reflex by head-down rotation elicited significant increases in human leg and arm muscle sympathetic nerve activity with a greater degree of vasoconstriction occurring in the calf than in the forearm [33] . On the other hand, an electrical stimulation of the vestibular nerves induced vasodilation in the hind limbs of cat [34] .
Food and water consumption; body weight. We agree with Morey-Holton and Globus [13] , who strongly recommended daily measurements of body weight and feeding activity as indexes of the well-being of the rats in tilt experiments. In our study, daily food and water consumption and the body weight of the animals were regularly monitored. In accordance with the minor changes we observed in body weight, the daily food and water consumption was well maintained throughout the study except for a short transient decline in the tilt groups during the first few days of the study.
Except for a transient loss of body weight observed at the very beginning of both the 2-and the 4-week tilt experiments, a gain of body weight was attained until the end of the study following the initial decrease, although on a somewhat lower level than in the case of horizontal controls. Similarly, an attenuated gain of body weight during HDT was found in previous experiments performed without hind-limb unloading on rabbits [35] .
Absence of possible masking effects of nonspecific stress on depression of innervation density. Based on adrenal hypertrophy, the presence of some level of sustained stress was assumed even after the rats got used to inverse orthostasis in the tail-traction models of microgravity [36] . In an independent study, we found no difference in levels of the stress hormone corticosterone in blood samples taken from rats maintained for three days either head-down or horizontally in tube cages or in traditional normal cages (Dörnyei et al. 2003, unpublished observation) . Furthermore, the animals behaved calmly in the tilt cages except for an orientation reaction for a couple of hours seen on the first day immediately after they were confined. Following the daily free grooming exercises, they walked spontaneously back to their individual cages from the palm of the assistant in a way similar to that of the animals we kept head-up in earlier studies [1, 2] . Random environmental effects on the tilted rats were avoided by the regular use of parallel controls. Thus it is unlikely that a masking effect of any kind of nonspecific stress could have prevented a chronic tiltinduced depression of vascular innervation density in our experiments.
Conclusion. Long-term head-down tilting applied in this active rat model of inverse orthostasis does not reduce the intramural innervation density of hind-limb and forelimb blood vessels. On the contrary, however, some tendencies to increase were observed. Under these conditions, when the animals are allowed plenty of locomotor exercise, a long-term head-down tilt seems not to be a stimulus as efficient for suppressing the innervation as the long-term head-up tilt is for enhancing it. Most probably, physical exercise could have prevented the suppression of hind-limb vascular innervation density observed in other studies applying the tail traction head-down tilt model of microgravity.
